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Abstract: Pathophysiology of sickle cell disease (SCD) features intermittent vaso-occlusion of
microcirculatory networks that facilitate ischemic damage. Past research has, however, relied on
static images to characterize this active disease state. This study develops imaging metrics to more
fully capture dynamic vascular changes, quantifying intermittent retinal capillary perfusion in
unaffected controls and SCD patients using sequential optical coherence tomography angiography
(OCT-A) scans. The results reveal significant dynamic variation of capillary perfusion in SCD
patients compared to controls. This measurement of vaso-occlusive burden in patients would
provide utility in monitoring of the disease state and in evaluating treatment efficacy.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Sickle cell disease (SCD) is a group of autosomal-recessive gene mutations that alter the
3-dimensional folding of hemoglobin, the oxygen-carrying protein within erythrocytes [1,2]. Mis-
folded hemoglobin becomes susceptible to polymerization, which not only modifies erythrocyte
morphology, but also leads to changes in signaling between erythrocytes, leukocytes, platelets,
endotheliocytes, and additional elements of the blood clotting cascade [3—5]. These elements
contribute together to increase vascular blockage [3—5]. This vaso-occlusion is considered
a hallmark of SCD pathophysiology and is more likely to occur during cellular hypoxia and
metabolic stress [6—8]. Vaso-occlusive events throughout the circulatory system lead to chronic
inflammation, vessel remodeling, and ischemic end-organ damage [9,10], resulting in significant
morbidity at an early age (including pain crises, acute chest syndrome, bone necrosis, myocardial
infarction, and stroke) and early mortality in SCD patients [11-13].

The transparent media of the eye offers a unique opportunity to directly visualize the retinal
microvasculature, as an indirect representation of the microvascular status of other organ
systems. Correlations between retinal microvascular pathology and other systemic manifestations
of diabetes, hypertension, and hypercholesterolemia, such as kidney disease, heart disease,
myocardial infarction, and stroke, have been well established [14—16]. For instance, the
correlation of hemoglobin Alc levels and degree of diabetic retinopathy through serial retinal
exams has led to the establishment of diabetes treatment protocols for primary care physicians
and endocrinologists [17,18]. Studying the retinal microvasculature in SCD patients may enable
clinicians to use the retina as a conduit for assessing SCD vaso-occlusive risk and monitoring
response to treatment.
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Traditional classifications of sickle cell retinopathy in the clinical setting have mostly focused
on the peripheral retina and its relatively later-stage microvascular complications, including per-
manent capillary closure and non-perfusion, subsequent collateralization and neovascularization,
and sight-threatening vitreous hemorrhage and tractional retinal detachment [19]. Wide field
fundus photography and intravenous fluorescein angiography (IV-FA) have emerged as the gold
standard for characterizing these later-stage microvascular complications. These techniques have
been used to characterize sickle cell retinopathy in the macula and temporal retina, including
microaneurysms, hairpin venular loops, and capillary rarefaction, and enlargement of the foveal
avascular zone [20-24]. They have also revealed intermittent vascular non-perfusion and re-
perfusion over intervals of days to months at the macula and temporal retina, showing in vivo
the natural history of vaso-occlusive events and documenting the long-term remodeling and
ischemic damage that occurs in sickle cell retinopathy [25-28]. Such modalities, however, are
restricted to visualizing the superficial capillary network and are incapable of capturing dynamic
microvascular vaso-occlusive events due to limitations in axial and transverse resolution [29].
Optical coherence tomography (OCT) has emerged as non-invasive imaging modality that offers
micrometer axial and transverse resolution. Studies utilizing this technology have demonstrated
both macular and temporal inner retinal thinning in SCD patients. Furthermore, subclinical signs
of sickle cell maculopathy have been detected in patients with normal visual acuity using other
functional indicators of disease such as contrast sensitivity, color vision, and microperimetry
[30-32].

Optical coherence tomography angiography (OCT-A) builds upon on OCT to visualize perfused
vasculature, enabled by differences in signal scattering from moving erythrocytes compared to
surrounding tissue. Its quick image acquisition time and non-invasive nature allows OCT-A to
accurately, reliably, and reproducibly image the retinal microvasculature at all capillary plexus
depths across short and long time intervals [33-38]. OCT-A has allowed a closer examination of
sickle cell retinopathy, permitting quantitative cross-sectional analysis of decreased microvascular
density at both the macula and temporal retina compared to unaffected controls [24,39—41].
Existing OCT-A studies, however, often utilize single scans. Vessels considered perfused during
initial scans might appear occluded upon repeat imaging due to intermittent vaso-occlusion. In
this study, we thus explore a novel method for measuring disease status and response to systemic
therapy by quantifying dynamic changes in intermittent capillary perfusion. These alternations
were measured over minute intervals within imaging sessions and over a 1-hour interval between
imaging sessions.

2. Methods

2.1. Subjects

This study was completed at the New York Eye and Ear Infirmary of Mount Sinai with approval
by the Institutional Review Board of the Icahn School of Medicine at Mount Sinai. Patients were
enrolled according to the tenants of the Declaration of Helsinki using written consent prior to
imaging.

Inclusion criteria for unaffected controls were natural crystalline lens, clear media, steady
fixation, and best corrected visual acuity (BCVA) of 20/20 or better. Inclusion criteria for patients
were diagnosis of SCD, crystalline lens, and BCVA of 20/80 or better. Exclusion criteria for
all participants were anterior segment pathology, previous refractive surgery, pseudophakia,
cataract with grade > 3, poor fixation, nystagmus, and retinal or optic disc pathology from other
causes (e.g. diabetes, glaucoma, hypertension, retinal vein occlusion, or HIV). Only one eye was
selected randomly from each participant.
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2.2. Image acquisition

OCT-A scans were acquired at two imaging sessions one hour apart using a spectral-domain OCT
device, which features an illumination source centered at 840nm, a bandwidth of 45nm, an axial
resolution of Sum, and an acquisition rate of 70,000 A-scans per second (Avanti RTVue-XR;
AngioAnalytics software version 2017.1.0; Optovue, Fremont, CA, USA). Vascular perfusion
was assessed using the split-spectrum amplitude-decorrelation angiography algorithm on two
orthogonally acquired volumes, which were subsequently merged to generate each OCT-A scan
[35]. At each imaging session, 10 sequential 3 X 3mm (304 x 304pixel) OCT-A scans were
acquired at two retinal locations: 1) the parafovea and 2) temporal retina centered 9 degrees
eccentric to the fovea. In brief, each participant received a total of 40 OCT-A scans with 20 scans
of the parafovea and 20 scans of the temporal retina.

One treatment-naive SCD patient with HbSS genotype was imaged at an initial visit following
the protocol described above and again two months after receiving an individualized dosage
of 13.6 mg/kg of hydroxyurea using the same protocol, for a total of 80 OCT-A scans over the
course of the study.

2.3. Image registration and averaging

At each retinal location, OCT-A scans were registered and averaged using the Register Virtual
Stack Slices plug-in on ImageJ (ImagelJ, U.S. National Institute of Health, Bethesda, Maryland,
USA) [42,43]. OCT-A analysis was performed on the full vascular slab of each image, which
included the inner limiting membrane to 9um below the posterior boundary of the outer plexiform
layer (Fig. 1(A)). This full vascular slab insured the inclusion of three different capillary networks
including the superficial, intermediate, and deep capillary plexuses. OCT-A scan dimension was
corrected based on individual axial length measurements obtained from the IOL Master (Carl
Zeiss Meditec, Inc., Dublin, CA) to permit accurate comparison of vascular metrics between
subjects [44].

2.4. Between-session pixel intensity difference in unaffected controls

Non-capillary areas of averaged OCT-A scans were excluded from the computation of pixel
intensity difference between two sessions in unaffected controls (Fig. 1(B)). First, the foveal
avascular zone (FAZ) was removed by demarcating the FAZ border manually on the averaged
parafoveal OCT-A scan (Adobe Photoshop CS6, Adobe Systems, Inc., San Jose, CA, USA).
Next, the removal of larger vessels using global thresholding was performed on both parafoveal
and temporal retina averaged OCT-As as described previously (MATLAB 2018b; MathWorks,
Natick, MA) [45,46].

Between-session pixel intensity difference was determined by subtracting the baseline averaged
OCT-A from the 1-hour follow-up averaged OCT-A in each control (Fig. 1(C)). A positive
pixel intensity difference indicates that intensity at the 1-hour follow-up was higher than during
the baseline image, while a negative difference indicates that intensity at the 1-hour follow-up
was lower than during the baseline image. Between-session pixel intensity differences of the
parafoveal and temporal retina for all controls was then examined separately using Bland-Altman
analysis. Between-session pixel intensity difference corresponding to the limits of agreement
(LOA) between the 0.01° percentile and 99.99™ percentile were defined as the normal range of
between-session pixel intensity variation (Fig. 2).

2.5. Between-session intermittent perfusion index (IPl) in unaffected controls and SCD
patients

Between-session intermittent perfusion index (IPT) was then determined for controls and SCD
patients. First, the differences in pixel intensity were calculated between the baseline and 1-hour
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C) Between-Session
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Fig. 1. Computation of between-session pixel intensity differences at the parafovea (top
row) and temporal retina (bottom row) in an unaffected control. (A) Averaged full vascular
slab OCT-As from baseline and 1-hour follow-up sessions. (B) Foveal avascular zone (FAZ)
and larger vessel areas were removed from the OCT-As. FAZ area removal was performed
on the parafoveal OCT-As only. (C) Between-session pixel intensity differences were then
computed by subtracting baseline OCT-A (S1) from 1-hour follow-up OCT-A (S2). Positive
pixel intensity difference (cool colors) indicates that pixel intensity at the follow-up session
was higher than during the baseline, while a negative difference (warm colors) indicates
that pixel intensity at the 1-hour follow-up was lower than during the baseline. FAZ and
larger vessel areas are coded in black. Red arrows point to the same pixel location across
panels. Measurements from unaffected controls were used to determine the normal variation
in pixel intensity difference between sessions.

follow-up imaging sessions as described in Fig. 1. Pixels at which the difference in pixel intensity
was outside the normal range of between-session pixel intensity variation in controls were defined
as regions of intermittent perfusion. Specifically, the sum of pixels with intensity differences
below the 0.01% percentile were defined as areas of non-perfusion, indicating perfused capillaries
at the baseline imaging session that lost perfusion at the 1-hour follow-up. In contrast, sum
of pixels with intensity differences above the 99.99" percentile were considered as regions of
re-perfusion between sessions, indicating capillary areas without perfusion at the baseline that

gained perfusion at the 1-hour follow-up.

Between-session IPI was defined as the percent of the entire OCT-A demonstrating non-
perfusion and re-perfusion after the removal of FAZ and larger vessel areas. The removal of FAZ

area was applied to the parafoveal OCT-A scans only.

Between-Session IP1,% =

Non-perfusion area + Re-perfusion area

Total OCT-A area — FAZ area — Larger vessel area

x 100%
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Fig. 2. Distribution of pixel intensity difference between the baseline and 1-hour follow-up
visits in control subjects at the parafovea (A) and temporal retina (B). Limits of agreement at
the 0.01% and 99.99% were calculated for controls and used to determine the normal pixel
intensity variation in averaged OCT-A over the 1-hour interval. A positive pixel intensity
difference indicates that intensity at the 1-hour follow-up was higher than during the baseline
image, while a negative difference indicates that intensity at the 1-hour follow-up was lower
than during the baseline image. The region in which the pixel intensity was below the lower
limit of agreement (0.01%) was defined as non-perfusion and the area above upper limit of
agreement (99.99%) was defined as re-perfusion.

2.6. Mapping of capillary segments with between-session intermittent perfusion

Intermittent perfusion maps were also generated for each subject to allow rapid visualization of
perfusion changes between sessions. Capillary segments with intermittent perfusion between the
baseline and follow-up sessions were overlaid on the averaged OCT-A of the two imaging sessions
(S1 and S2 from Fig. 1). Segments demonstrating subsequent non-perfusion were highlighted in
red and those exhibiting subsequent re-perfusion were displayed in cyan.

2.7. Within-session intermittent capillary perfusion

Within-session intermittent perfusion was qualitatively identified surrounding the FAZ for controls
and SCD patients during the baseline and 1-hour follow-up imaging sessions. In each group of
10 sequential OCT-A scans, capillary segments exhibiting within-session intermittent perfusion
were defined as those perfused in at least one OCT-A scan but demonstrating non-perfusion
during a prior or subsequent scan [47]. The mean number of these capillary segments identified
at the two imaging sessions was then calculated.

2.8. Capillary perfusion densities

Capillary perfusion density measurements were determined for comparison to existing OCT-A
analyses. To calculate this metric, perfused capillaries were segmented from OCT-A scans using
local thresholding after removal of the FAZ and non-capillary areas as described previously
[34,45,46]. Parafoveal and temporal retina capillary perfusion densities (%) at each imaging
session were then computed as described below. The removal of FAZ area was applied to the
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parafoveal capillary perfusion density computations only.

Capillary area
Total OCT-A area — FAZ area — Larger vessel area

Capillary Perfusion Density,% = %X 100%

2.9. Statistical analysis

For statistical analysis, SCD patients were divided into three subgroups according to their
genotypes and hydroxyurea treatment status. The groups were 1) HbSC genotype without prior
treatment, 2) HbSS genotype with hydroxyurea treatment, and 3) HbSS genotype without prior
treatment. Between-session IPI, within-session intermittent perfusion, and capillary perfusion
density in control and SCD subgroups were compared using Kruskal-Wallis with post-hoc
pairwise comparisons. The percent areas of non-perfusion and re-perfusion measured between
the baseline and 1-hour follow-up were compared in all groups using the Wilcoxon signed-rank
test. All statistical tests were performed with SPSS 27 (IBM Corporation, Chicago, IL, USA).

3. Results

3.1. Demographics

A total of 14 unaffected controls and 13 SCD patients were enrolled in the study. One SCD
patient was unable to complete the temporal retina imaging protocol at the 1-hour follow-up
imaging session due to a prior personal commitment. Participant characteristics are displayed
in Table 1. Percentages of female subjects were 36% and 54% respectively for control and
SCD subgroups. Median + IQR (interquartile range) age of controls and SCD subjects were
respectively 27 + 5 and 31 + 14 years. Patients and controls were not matched by race, gender, or
age. SCD genotypes included 8 patients with HbSS, 4 with HbSC, and 1 with sickle cell trait.
Among patients with HbSS, 4 had been receiving treatment with hydroxyurea and 1 had received
gene therapy. Patients with HbSC and sickle cell trait had no prior treatment history. The sickle
cell trait patient and HbSS patient with gene therapy were excluded from the statistical analyses.

3.2. Between-session intermittent perfusion index (IPIl) in unaffected controls and SCD
patients

At the parafovea, between-session IPI of unaffected controls was 0.01 + 0.03% (median + IQR),
with non-perfusion area of 0.005+0.02% of the capillary area and re-perfusion area of
0.002 = 0.007% of the area (Table 2). No statistical difference was found between the percent
area with non-perfusion and re-perfusion on Wilcoxon Signed Rank test (P =0.68) (Fig. 3(A)).

Between-session IPI of all SCD patients at the parafovea was 0.36 +0.72% (median + IQR),
with non-perfusion area of 0.20 +0.39% and re-perfusion area 0.16 +0.37% (Table 2). No
statistical difference was found between the percent area non-perfusion and re-perfusion on
Wilcoxon Signed Rank test (P =0.25). Between-session IPI was 0.12 + 0.2% for patients with the
HbSC genotype, 0.52 +0.39 for the HbSS genotype with hydroxyurea treatment, and 2.59 + 1.00
for the HbSS genotype without prior treatment (Table 2). In each SCD subgroup, no statistical
difference was found between the percent area with non-perfusion and re-perfusion on Wilcoxon
Signed Rank test (P values > 0.07) (Fig. 3(A)).

Statistically significant difference was observed among controls and SCD subgroups in
between-session IPI using non-parametric Kruskal-Wallis test (P=0.001) (Fig. 4(A)). Significant
differences for the post-hoc pairwise comparisons after non-parametric Kruskal-Wallis tests were
found in controls vs HbSS with hydroxyurea treatment (P=0.027) and controls vs HbSS without
prior treatment (P=0.004) only.

At the temporal retina, between-session IPI of unaffected controls was 0.02 +0.02% (me-
dian + IQR), with non-perfusion area of 0.01 = 0.02% and re-perfusion area of 0.01 +0.02%
(Table 2). No statistical difference was found between the percent area with non-perfusion



Vol. 12, No. 5/1 May 2021/ Biomedical Optics Express 2831 |
Biomedical Optics EXPRESS -~

Table 1. Subject Characteristics

Characteristic

Result

Number of control subjects 14

» Age: median + IQR (interquartile range) 27 + 5 years
* Female: number (%) 5 (36%)
« Stratified by race

— Caucasian 6 (42.9%)
— Hispanic 5 (35.7%)
— Asian 3 (21.4%)
Number of patients with sickle cell disease 13

* Age: median = IQR 31+ 14 years
¢ Female: number (%) 7 (54%)
« Stratified by genotype

—HbSS 8 (61.5%)
—HbSC 4 (30.8%)
— Sickle Cell Trait 1(7.7%)
« Stratified by race

— African American 11 (84.6%)
— Hispanic 2 (15.4%)
* Prior Treatment

— Hydroxyurea 4 (30.8%)
— Gene therapy 1 (7.7%)
— Intraocular Anti-VEGF Injection 0 (0.0%)

A) Parafovea

B) Temporal Retina
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Fig. 3. Boxplots of percent area non-perfusion and re-perfusion areas in controls and SCD
subgroups at the parafovea (A) and temporal retina (B). No statistically significant differences
were found between the percent area non-perfusion and re-perfusion on Wilcoxon Signed
Rank test in all groups (All P values >0.05). The sickle cell trait patient and HbSS patient
with gene therapy were excluded from the statistical analyses.
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Table 2. Between-session intermittent capillary perfusion in controls and SCD subgroups.
Tx = Treatment; NA = data not available.

Parafovea (median + IQR %) Temporal (median + IQR %)
Between- Non- Between- Non-
session perfusion Re-perfusion session perfusion Re-perfusion
IPI area area IPI area area
Controls, n=14 0.01+0.03 0.005 +0.02 0.002 +0.007 0.02+£0.02 0.01 £0.02 0.01 +£0.02
All SCD, n=13 0.36 +0.72 0.20+0.39 0.16 £0.37 0.58 £0.97 0.36 £0.56 0.38+0.39
SCD Subgroups
Sickle cell
trait without
Tx, n=1 0.009 0.005 0.004 0.022 0.006 0.016
HbSC
without Tx,
n=4 0.12+0.2 0.08 £0.12 0.05+0.09 0.50+0.1 0.24+0.3 0.22+0.2
HbSS with
Hydroxyurea
Tx, n=4 0.52+0.39 0.25+0.16 0.26 +0.23 0.86+1.0 0.35+0.6 0.41+0.3
HbSS with
gene therapy,
n=1 0.16 0.05 0.11 NA NA NA
HbSS
without Tx,
n=3 2.59+1.00 1.49+0.61 1.10+0.39 2.74+0.9 1.28+0.6 1.01+0.5
A) Parafovea B) Temporal Retina
4 : : 4 : :
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Fig. 4. Boxplots of between-session IPI in control and SCD subgroups at the parafovea
(A) and temporal retina (B). Statistically significant differences were observed among 4
groups at the parafovea (P=0.001) and temporal retina (P<0.001) using non-parametric
Kruskal-Wallis tests. Significant P-values for the post-hoc pairwise comparisons after
nonparametric Kruskal-Wallis tests are shown; all other comparisons were not significant
(P>0.05). The sickle cell trait patient (red square) and HbSS patient with gene therapy
(blue square) were excluded from the statistical analyses.
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and re-perfusion on Wilcoxon Signed Rank test (P=1.0) (Fig. 3(B)). In all SCD patients,
between-session IPI was 0.58 + 0.97% (median + IQR), with non-perfusion area of 0.36 + 0.56%
and re-perfusion area of 0.38 +0.39% (Table 2). No statistical difference was found between
the percent area with non-perfusion and re-perfusion on Wilcoxon Signed Rank test (P =0.75).
Between-session IPI was 0.50 + 0.1 for patients having the HbSC genotype, 0.86 + 1.0 for the
HbSS genotype with hydroxyurea treatment, and 2.74 + 0.9 for the HbSS genotype without prior
treatment (Table 2).

Statistically significant differences were observed among controls and SCD subgroups for
between-session IPI using non-parametric Kruskal-Wallis tests (P<0.001) (Fig. 4(B)). Significant
P-values for the post-hoc pairwise comparisons after non-parametric Kruskal-Wallis tests were
found in controls vs HbSS with hydroxyurea treatment (P=0.032) and controls vs HbSS without
prior treatment (P=0.005) only.

3.3. Mapping of capillary segments with between-session intermittent perfusion

Intermittent perfusion maps provide an accessible representation of between-session capillary
perfusion changes for clinical use. Figure 5 shows averaged OCT-A scans and intermittent
perfusion maps in a SCD patient with HbSC genotype at the parafovea (top row) and temporal
retina (bottom row) for the baseline and 1-hour follow-up imaging sessions. Direct visualization
of capillary segments with non-perfusion (red) and re-perfusion (cyan) between the baseline and
1-hour follow-up are shown in the intermittent perfusion maps.

Baseline 1-Hour Follow-Up Intermittent Perfusion Map

Parafovea

Temporal Retina

Wl Non-perfusion [_JRe-perfusion

Fig. 5. Averaged OCT-A of a SCD patient with HbSC genotype at the parafovea (top
row) and temporal retina (bottom row) for the baseline (A & D) and 1-hour follow-up (B
& E) imaging sessions. Visualization of capillary segments with non-perfusion (red) and
re-perfusion (cyan) between the baseline and 1-hour follow-up were shown in the intermittent
perfusion maps at the parafovea (C) and temporal retina (F).



Research Article Vol. 12, No. 5/1 May 2021/ Biomedical Optics Express 2834 |

Biomedical Optics EXPRESS

Intermittent perfusion maps also aid the immediate identification and evaluation of capillaries
with between-session intermittent perfusion before and after treatment. In the treatment-naive
SCD patient with HbSS genotype who began hydroxyurea, between-session IPI was 3.0% and
2.7% respectively at the parafovea and temporal retina before treatment. After two months of
hydroxyurea, the between-session IPI was reduced to 0.5% and 1.6% respectively at the parafovea
and temporal retina (Fig. 6).

Before Treatment On Treatment
Intermittent Perfusion Map

—

Parafovea

Temporal Retina

B Non-perfusion []Re-perfusion

Fig. 6. A treatment naive SCD patient with HbSS genotype was imaged at an initial visit
(left column) and repeated imaging again after two months of hydroxyurea treatment (right
column). Before treatment, the patient exhibited between-session IPI of 3.0% and 2.7%
respectively at the parafovea (A) and temporal retina (C). After two months of hydroxyurea,
the between-session IPI was reduced to 0.5% and 1.6% respectively at the parafovea (B) and
temporal retina (D).

3.4. Within-session intermittent capillary perfusion

Intermittent perfusion within at least one imaging session was seen surrounding the FAZ in 4 of
14 controls and in all 13 SCD patients. Figure 7 shows an example of within-session intermittent
capillary perfusion in a SCD patient with HbSS genotype and hydroxyurea treatment (also
see Visualization 1). Within-session intermittent capillary perfusion was seen in 0.25 +0.43
(mean + SD) capillary segments for controls and 3.1 + 2.2 segments for all SCD patients. Within-
session intermittent capillary perfusion was seen in 2.0 + 0.6 capillary segments for SCD patients
having the HbSC genotype, 2.9 + 1.1 segments for the HbSS genotype with hydroxyurea treatment,
and 5.7 + 3.6 segments for the HbSS genotype without prior treatment.
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Fig. 7. Within-session intermittent capillary perfusion in a SCD HbSS patient with
hydroxyurea treatment. Yellow arrows indicate two capillary segments bordering the FAZ
with intermittent capillary perfusion at the first four OCT-A scans during the baseline
imaging session (see Visualization 1 for all ten frames). Corresponding time of image
acquisition was indicated on the upper left corner of each OCT-A scan.

Statistical significance was observed among controls and SCD subgroups using non-parametric
Kruskal-Wallis tests (P<0.001). Significant P-values for the post-hoc pairwise comparisons
were found in controls vs HbSC without prior treatment (P=0.05), controls vs HbSS with
hydroxyurea treatment (P=0.008), and controls vs HbSS without prior treatment (P=0.009) only.
In the treatment-naive SCD patient with HbSS genotype who began hydroxyurea, within-session
intermittent perfusion surrounding the FAZ prior to treatment was seen in an average of 8 capillary
segments prior to treatment and an average of 3.5 segments after two months of hydroxyurea
therapy.

3.5. Capillary perfusion densities

In unaffected controls, capillary perfusion density (median + IQR) at the parafovea was similar
between the baseline (51.0 + 0.4%) and 1-hour follow-up (51.2 + 0.3%) imaging sessions, without
significance on Wilcoxon Signed Rank test (P=0.07). Capillary perfusion density among all SCD
patients (median + IQR) at the parafovea was also comparable between the baseline (49.1 + 3.5%)
and 1-hour follow-up (49.3 + 3.6%) imaging sessions, without significance on Wilcoxon Signed
Rank test (P=0.16). Statistically significant difference was observed among controls and SCD
subgroups in capillary perfusion density (mean of baseline and 1-hour follow-up) at the parafovea
using non-parametric Kruskal-Wallis test (P=0.002). Significant P-value for the post-hoc pairwise
comparisons after non-parametric Kruskal-Wallis tests was found in controls vs HbSS with
hydroxyurea treatment (P=0.01) only. There was no significant difference among controls and
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SCD subgroups in capillary perfusion density (mean of baseline and 1-hour follow-up) at the
temporal retina using non-parametric Kruskal-Wallis test (P=0.079).

4. Discussion

Using IV-FA, Galinos et al. in 1975 first documented non-perfusion and subsequent re-perfusion
of retinal vessels in sickle cell retinopathy over several months [26]. Intermittent perfusion of
shorter periods (over days duration) was subsequently reported by Asdourian et al. in 1976 [25].
In our study, sequential OCT-A scans revealed intermittent capillary perfusion at intervals of
minutes to hours.

4.1. Between-session intermittent perfusion index (IPIl) in unaffected controls and SCD
patients

Intermittent flow maps revealed vascular changes over time in SCD patients despite capillary
perfusion density showing similar measurements across the 1-hour imaging sessions. This is
likely due to the finding that areas of non-perfusion and re-perfusion were of similar magnitudes,
which underscored the importance of our new proposed methodology to detect changes. These
observations may also suggest an ability of microvasculature to compensate for small alterations
in perfusion.

We believe that intermittent perfusion measurements provide unique characterization of
dynamic vaso-occlusion in retinal microvascular networks. Previous sickle cell retinopathy
imaging studies using fundoscopy, IV-FA, and OCT-A have relied on single scans, basing their
clinical evaluations on cross-sectional static pictures of a dynamic pathophysiology. Their findings
of retinal thinning on OCT and decreased capillary perfusion density on OCT-A were limited to
describing cumulative vascular and tissue damage from chronic ischemia, rather than the active
nature of intermittent vaso-occlusive events. This ability to characterize dynamic vaso-occlusion
more accurately and quantifiably depicts ongoing disease burden and severity of SCD for a
given individual. Isolating non-perfusion and re-perfusion of individual capillary segments may
thus prove more useful for predicting progression of retinal and systemic manifestations of the
disease. These intermittent perfusion changes on sequential OCT-A have recently been shown to
correspond to retinal capillary segments with erythrocyte sludging or stasis using adaptive optics
scanning light ophthalmoscopy (Pinhas and Migacz et al. IOVS 2020:6; ARVO E-Abstract 1928).

Importantly, intermittent perfusion measurements appear useful for evaluating efficacy of
systemic treatment in SCD. Hydroxyurea is currently the best systemic medical therapy available
for reducing painful vaso-occlusive crises and all-cause mortality in patients, through its ability
to promote production of fetal hemoglobin, limit leukocyte-erythrocyte interactions, and donate
nitric oxide [48,49]. Lower levels of intermittent perfusion were detected both within and between
sessions in patients with HbSS receiving hydroxyurea compared to those without hydroxyurea
treatment. Additionally, a treatment naive patient with HbSS demonstrated decreased within-
session intermittent perfusion at the parafovea after 2 months of treatment with hydroxyurea. This
patient also exhibited reduced between-session IPI after treatment (from 3.0% to 0.54% of the
capillary area at the parafovea and from 2.7% to 1.6% of the capillary area at the temporal retina).
Such results are consistent with a recent longitudinal study suggesting the protective effect of
hydroxyurea on rates of retinal thinning in patients with sickle cell retinopathy [50]. Greater
stability of retinal perfusion — as characterized by lower between-session IPI — may help explain
the reduced retinal thinning found in the patients receiving hydroxyurea. Overall, our findings
suggest that intermittent perfusion analysis may be a more sensitive biomarker, compared to OCT
retinal thickness and OCT-A capillary density, for detecting and quantifying otherwise occult
areas of non-perfusion and re-perfusion, as well as measuring response to systemic treatment in
SCD.
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4.2.  Within-session intermittent capillary perfusion

Within-session perfusion change in capillaries bordering the FAZ over minutes was seen in every
SCD patient, at statistically significant higher rates than in unaffected controls. Changes in
between-session intermittent perfusion were also seen in SCD patients, when comparing baseline
imaging to 1-hour follow-up imaging. These alterations in between-session IPI, percent area of
non-perfusion, and percent area of re-perfusion at both the parafovea and temporal retina were
statistically greater in SCD patients compared to unaffected controls.

4.3. Limitations

Limitations of the study include the unmatched age, race, and gender differences between the
control and patient groups. Age has been shown to correlate with decreased retinal vascular
density [51]. In contrast, lower vascular perfusion density has been documented for individuals
with greater retinal pigmentation, which may be more common in certain racial groups [52].
In addition, limitations in sample size, particularly of patients with SCD, prevented statistical
analysis of intermittent perfusion between patient subgroups e.g. sick cell trait. Notably,
analysis was also performed on a full retinal vascular slab in order to reduce any impact of
projection artifacts on OCT-A or OCT segmentation error. The use of this combined layer,
however, prevented the ability to compare differences in intermittent perfusion between capillary
plexuses. Finally, ten OCT-A scans were obtained at each imaging location in order to measure
within-session capillary perfusion changes and generate averaged scans for between-session
alterations. Thus, clinical application of this scan protocol would require patients with stable
fixation and tolerance of the longer acquisition time.

4.4. Future directions

Future directions of this research include prospective investigation of intermittent capillary
perfusion in larger populations of patients before and after hydroxyurea treatment, which would
more thoroughly characterize the impact of systemic therapy. New SCD therapies have also
emerged that merit evaluation for their impact on the microvascular mechanisms of disease
[53-55]. Subsequent studies with increased sample size would also permit the comparison of
intermittent capillary perfusion between disease subtypes and in relation to hematological metrics
of SCD, such as hematocrit, lactate dehydrogenase, and platelet count. These studies would further
evaluate intermittent capillary perfusion as a means for monitoring disease pathophysiology and
quantifying treatment effects.

5. Conclusion

In summary, intermittent perfusion measurement and mapping enables quantification and rapid
identification of intermittent retinal capillary perfusion events in SCD patients. Intermittent
perfusion events were significantly more frequent in SCD than in unaffected controls. They
are evident over intervals of minutes as well as hours on sequential OCT-A, which suggests an
important clarification of sickle cell vaso-occlusion pathophysiology. Intermittent perfusion
quantification and mapping technique also shows promise for evaluation of treatment effect, given
its ability to detect variations of intermittent perfusion seen in response to systemic hydroxyurea
therapy.
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